A variable-skew oblique wing offers a substantial aerodynamic performance advantage for aircraft missions that require both high efficiency in subsonic flight and supersonic dash or cruise. The most obvious characteristic of the oblique-wing concept is the asymmetry associated with wing-skew angle which results in significant aerodynamic and inertial cross-coupling between the aircraft longitudinal and lateral-directional axes. This paper presents a technique for synthesizing a decoupling controller while providing the desired stability augmentation.
The proposed synthesis procedure uses the concept of explicit model following. Linear quadratic optimization techniques are used to design the linear feedback system. The effectiveness of the control laws developed in achieving the desir»d decoupling is illustrated for a given flight condition by application to linearized equations of motion, and also to the nonlinear equations of six degrees of freedom of motion with nonlinear aerodynamic data. The advantages of an oblique wing were first noted in the 1940's. However, not until recently have the interest, technology, and mission of an oblique-wing design evolved into a full-scale flight research program. Dryden Flight Research Facility of NASA Ames Research Center and the U.S. Navy are developing an oblique-wing research aircraft (OWRA). Gregory,1 and Wiler and White2 have outlined potential advantages and disadvantages of this type of airplane. Theoretical and wind tunnel studies have shown that a variableskew oblique wing offers a substantial aerodynamic performance advantage for aircraft missions that require both high efficiency in subsonic flight and supersonic dash or cruise.
The most obvious disadvantage of the obliquewiny concept is the asymmetry associated with wing-skew angle. This asymmetry results in significant aerodynamic and inertial cross-coupling between the aircraft longitudinal and lateraldirectional axes.
The test bed for OWRA will be the NASA F-8 digital fly-by-wire aircraft. This aircraft will be modified by the removal of the current high wing.and installation of a composite wing-andpivot assembly. A major part of the OWRA program will be the synthesis of a flight control system which will provide acceptable stabilization and decoupling across the Mach, angle-of-attack, and wing-skew envelope. These aircraft stability and decoupling requirements are idaally suited for the application of modern control theory techniques to the solution of problems associated with OWRA.
The potential advantages of the oblique-wing concept can only be realized by development of related technologies. Foremost among these is the control system architecture to compensate for cross-coupled aircraft responses, while presenting the crew with the feel of a conventional airplane. Current typical design procedures synthesize aircraft controllers based on solutions of two, or at most, three degrees of freedom. However, the added OWRA stabilisation and decoupling problems require at least "ive degrees of freedom simultaneously.
Model following ha:; been a popular method for the design of multi var able control systems, and shown to be amenable tn the solution of many aircraft control problems.. Commencing with the work of Kalman 3 and Tyler,4 extensive use has been made of the linear optimal control theory in design of model-following controllers. Yore^ used this method for simultaneous stability augmentation and mode decoupling. While optional control theory provides an extremely flexible synthesis technique, various structural approaches have been adopted in synthesizing model-foil owing controllers.
6
A controller based on perfect model following (such as perfect matching of the dynamics of the compensated plant to thoss? of the model) was presented by Alag, Kempel, and Pahle 7 for control of OWRA. Thoucjh the desired degree of decoupling was achieved, the control surface activity was excessive and alternate controller development was required.
This paper presents, the use of models in design of linear feedback systems by means of linear-quadratic optimization. The linear control law developed provides the decoupling as well as the desired stability Augmentation. The effectiveness of the control law is illustrated by time responses from Iineari2:ed equations of motion, and nonlinear equations of six degrees of freedom of aircraft motion for a c.iven flight condition.
Model-Fol lowing Systems Problem Definition
The concept of model following is useful when an ideal set of plant equations of motion can be specified. The objective of model-following flight control is to force the aircraft to respond as the model would respond to a given pilot command. More precisely, the model -fol lowing problem can be stated as follows.
Given the linearized aircraft dynamics, The desired model of the aircraft .defined by matrices Am and Bm, as well as the aircraft matrices Ap and Bp, are given in Table 1 . The desired model used in this study is a modification of the zero-wing-skew configuration at the same flight condition. The aircraft matrices correspond to a flight condition of Mach 0.8 and'an altitude of 20,000 ft at 45° wing skew. The elements of An, were modified to increase the short period and dutch-roll mode damping, and to provide improved roll and spiral mode characteristics.
Explicit Model-Foil owing Systems
There are two configurations of model following, known as implicit model following and explicit model following. As Fig. 1 shows, in implicit model following, the control inputs to the plant are formed from the aircraft states and pilot input. No dynamic coupling exists between the model states and the closed-loop plant; the model state % appears only in the performance index. 
The pilot input u m is modeled as a constant, an assumption that does not overly distort the reality of the situation and allows a complete analysis of the problem from a theoretical viewpoint.
In explicit model following, tne control function up is required to minimize a performance index given by 
If pair (A,B) is stabilizable and pair (A,D with D T D = Q) detectable, the optimal control up which minimizes J is given by
The model equations must be simulated as a part of the feedforward controller because the controller requires model states.
Results
The degree of coupling in the open-loop aircraft is illustrated by response to application of a 1° command input at 1 sec and returned to zero at 3 sec (either by elevator or aileron input). Figure 3 illustrates the open-loop system response of pitch and yaw angular rate and bank angle to an.elevator command input. Significant yaw rate and bank angle are generated as a result of pitch command. Of particular interest is the large change in bank angle, indicating a high degree of cross-coupling. Table 2 gives the gain matrices for the explicit model-foil owing configuration. Figure 4 indicates the linear closed-loop system response for the command input with the explicit modelfollowing gains. The aircraft response is indicated by the solid line, and the model response by the dashed line in Figs 3 and 4 . The modelfollowing response is considered satisfactory with considerable attenuation in the degree of coupling, as indicated by the bank angle response of the aircraft. The model response in bank angle is zero. Figure 5 indicates the closed-loop response for the same case but'with the aircraft now represented by a nonlinear simulation of 6 degrees of freedom for the same flight condition. The nonlinearities include the constraints on the control surface rate and position. Figure 6 indicates the response of the openloop system to 1° aileron command input. Bank angle, yaw angular rate, and pitch angular rate are shown. The relative pitch coupling is not as severe for this case as the roll coupling is for the elevator command; however, coupling is still evident. Figure 7 indicates the linear closed-loop system response to the same aileron command. A dashed line denotes the model response, and a solid line, the aircraft response. The relatively small coupling in the pitch axis was not considered severe, as indicated by the aircraft pitch-angular rate response. The model pitchangular rate response was zero. The objective in this case was to provide adequate lateraldirectional dynamics. Figure 8 shows the closedloop response for the same case with aircraft nonlinear simulation.
Conclusions
The method presented describes a decoupled control for a highly coupled unsymmetric aircraft. The method develops an'explicit model-following control law by means of linear quadratic optimization techniques. The results indicate that the method does obtain the decoupling incorporated in the ideal model for the flight condition considered.
Evaluation of the control system on nonlinear equations of six degrees of freedom of motion for the flight condition considered shows promising results for implementation as a candidate control system for the aircraft. Work is in progress to investigate gain scheduling requirements and to obtain piloted simulation results. ig. 1 Implicit model-follouing control lau structure. Model Aircraft (b) yau> fate.
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